Abstract. Halloysites/polypropylene nanocomposites with different nanotubes contents were prepared by diluting a masterbatch containing 30 wt.% halloysites with polypropylene (PP). Unmodified (HNTs) and quaternary ammonium salt treated (QM-HNTs) halloysite nanotubes were used. Both degree of crystallinity and crystallization temperature increase upon addition of halloysites into PP, thus indicating a potential nucleation effect induced by the nanotubes. An homogeneous distribution and dispersion of nanotubes was observed throughout the PP matrix, with a slightly better dispersion in the case of modified QM-HNTs compared to unmodified HNTs. Mechanical tests in tension, bending and notched impact demonstrated that strength and modulus of the nanocomposites significantly increase with addition of halloysites without significant loss of ductility. An halloysite content of 6 wt.% appears as an optimum. Modified halloysites (QM-HNTs) lead to globally better performances due to strong interfacial interaction between the polymer matrix and the nanotubes.
Introduction
Polymer nanocomposites are new class of materials that are filled with nanofillers, and which usually exhibit exceptionally superior thermomechanical performance and physical properties at much lower filler loadings compared to conventional polymer composites [1] [2] [3] . Improvements in mechanical properties, such as stiffness and toughness, dimensional stability, electrical, barrier and thermal properties as well as fire retardant enhancements, with respect to the bulk polymer, are usually observed [1] [2] [3] . The interfacial interactions and the degree of dispersion of fillers in polymer matrix are key issues in determining the final performance of polymer nanocomposites [4] [5] [6] [7] . Polypropylene (PP) is an important commercial plastic widely used to produce household goods and automotive parts due to its well-balanced physical and mechanical properties and easy processability at a relatively low cost. The application of PP in various industrial sectors can be further expanded once its mechanical performances have been highly upgraded. Therefore, PP has been a popular matrix used in association with all kinds of nanofillers such as carbon nanotubes (CNTs) [8] [9] [10] [11] [12] , layered silicates (clays such as montmorillonite (MMT) etc.,) [13] [14] [15] and nanoparticles such as silica, graphite and calcium carbonate [16] [17] [18] [19] , even though the nanofiller dispersion is challenging in that case and often remains an issue. Halloysite nanotubes (HNTs) have recently become the subject of research attention as a new type of additive for enhancing the mechanical, thermal and fire-retardant performance of polymers [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Halloysite is mainly composed of aluminosilicate and has a predominantly hollow tubular structure with the chemical composition Al 2 (OH) 4 Si 2 O 5 (2H 2 O). It is a weathering product of volcanic rocks of rhyolitic up to granitic composition and occurs in great deposits. Common halloysites can be found in form of fine, tubular structures with a length of 3001 500 nm, and with inner and outer diameters of 15-100 nm and 40-120 nm, respectively [33] . Even if the usage of a silica based, natural occurring nanotube as reinforcing material for polymers is still new, halloysite nanotubes are considered as the ideal materials for preparing polymer composites due to the fact that halloysites are rigid materials and that unique crystal structure of HNTs resembles that of carbon nanotubes (CNTs) in terms of aspect ratio. Compared with other nanoparticles such as fumed silica, montmorillonite, and carbon nanotubes, halloysite nanotubes are more easily dispersed in polymer matrix by shearing due to their rod-like geometry and limited intertubular contact area [33] . Chemically, HNTs are recognized for their relatively lower hydroxyl density on their outer surfaces compared with fumed silica and other layered silicates such as montmorillonite [21] . Therefore, the aggregation induced by the intertubular hydrogen bonding is susceptible to the shearing force. In fact, morphology study for many polymer/HNTs composites has shown single-tube dispersed halloysites in the matrix [34] . Halloysite nanotubes are readily obtainable, are much cheaper than other nanofillers such as carbon nanotubes and they are biocompatible [35] . In addition, only traces of heavy metals were detected, much lower than standards of the restriction of harmful substances of the European Union. Consequently it can be concluded that halloysite nanotubes (HNTs) are a type of 'green', unique and promising reinforcing material for thermoplastics [33] . Polypropylene does not have any polar groups that could interact with the halloysites. This usually results in poor level of dispersion of the halloysites in the PP matrix and a poor interfacial bonding between the filler surface and the PP matrix. This also limits the advantages of incorporation of the halloysites into the PP matrix. To overcome this problem, strategies such as compatabilization between fillers and PP have been reported, including the use of benzothiazole sulfide grafted polypropylene [31] . Pre-treatment of fillers with coupling agents is also well documented [28, 32] . Furthermore, surface modification of fillers also provides good wetting and bonding with polymers. Most common methods used for the production of polymer nanocomposites, are melt mixing, solution casting and in situ polymerization [36] . Among them, melt mixing is a most desirable method as it combines high shear with simplicity. Furthermore, it is free of solvents and contaminants and the required equipment for efficient manufacturing of large amounts of nanocomposites is already available in the plastics industry. In all the techniques mentioned above, a homogeneous dispersion and good interfacial adhesion are crucial for the successful preparation of nanocomposites [36] [37] . Additionally, recent advancement in the usage of pre-elaborated masterbatches, usually containing 10-30 wt.% nanofillers, facilitates both the processing and the formulation development and eliminates the dispersion and handling difficulties. A recent comprehensive study highlights the benefits and results obtained by dilution of commercially available carbon nanotube filled PP masterbatches [9] . However, whereas few reports are available in the literature, which examine the mechanical and structural properties of melt processed halloysite filled PP nanocomposites [28] [29] [30] [31] [32] , no reports are available to our knowledge on detailed investigations on the properties of nanocomposites prepared via dilution of halloysite filled PP masterbatches. Moreover, distribution of masterbatch and subsequent dispersion of nanotubes in the polymer matrix after processing needs to be ascertained. As a consequence, the present work aims at comparing the properties of as received halloysite nanotubes (HNTs)/PP and quaternary ammonium salt treated halloysite nanotubes (QM-HNTs)/PP nanocomposites produced with varying nanotube content by diluting a commercial available masterbatch in a twin screw extruder. The structure, morphology and mechanical properties (in tension, bending and impact) of the prepared nanocomposites were characterized.
Experimental section 2.1. Materials
The materials used in this study are two commercially available polypropylene based masterbatches (Pleximer™ PP grade, Natural Nano Inc, USA) containing 30 wt.% halloysite nanotubes: one unspecified quaternary ammonium salt treated halloysites (QM-HNTs) filled polypropylene and one unmodified halloysites (HNTs) filled polypropylene. Halloysites used in the masterbatch were mainly of tubular structure with a diameter smaller than 100 nm and lengths typically ranging from about 500 nanometers to over 1.2 microns with a density of 250 kg/m 3 . The dilution matrix was made of homopolymer PP granules (FB 027 grade, Polychim, France) with a melt flow index of 12 g/10 min at 190°C.
Preparation of nanocomposites
Unmodified halloysite nanotubes (HNTs)/PP and quaternary ammonium salt treated halloysite nanotubes (QM-HNTs)/PP nanocomposites were produced by extrusion process by mixing homo PP granules with the commercial 'Pleximer' masterbatch containing 30 wt.% of halloysites. The dilution was carried out in a co-rotating twin screw extruder (Clextral BC 45, Clextral, France) at a screw speed of 50 rpm. The temperatures setting from the hopper to the die was 180/190/200/210°C. During melt extrusion ventilation was kept on to remove trapped air in composites. After pelletizing, the nanocomposite granules were dried for 5 hours at 80°C before injection-molding. Dried pellets were injection-molded (KM80-160E injection molding machine, KraussMaffei, Germany) into standard test specimen for tensile, impact, flexural and dynamic mechanical analysis. The temperature profile setting ranged from 200 to 215°C and the mold temperature was kept at 25°C. The holding pressure and screw rotation speed were 300 bar and 100 rpm, respectively with a throughput of 50 cm 3 /s. The final nanocomposites bearing 2, 4, 6 and 8 wt.% fillers in the PP matrix were fabricated and as a reference, neat PP was also similarly extruded and injection-molded for mechanical and dynamic mechanical studies.
Structural and morphological
characterization Samples for scanning electron microscopy (SEM) were prepared by coating a thin layer of carbon onto the nanocomposite samples. Electron microscopy imaging of the nanocomposites was performed under high vacuum with a SEM instrument (S-4300SE/N, Hitachi, Japan) operating at 5 kV. For transmission electron microscopy (TEM), ultrathin sections were cut at ambient temperature with a microtome (Leica Reichert FCS, Leica Microsystems GmbH, Germany) and collected on a 300 mesh copper grid. Thickness of the ultrathin sections was 125 nm. They were examined with a TEM (LEO 922) operated at 120 kV and the micrographs were taken using an energy filter in zero loss mode for an optimal contrast of the nanotubes. Differential scanning calorimetry (DSC 7, PerkinElmer, USA,) was performed under nitrogen atmosphere. The sample was heated from 35 to 200°C at a heating rate of 10°C/min, held at 210°C for 5 min to eliminate any previous thermal history, and then cooled to 35°C at a cooling rate of 10°C/min. The samples were kept at this temperature for another 5 min and heated again to 200°C at a heating rate of 10°C/min. On the basis of the recorded DSC thermograms, melting temperature (T m ), crystallization temperature (T c ), heat of fusion (!H m ) and relative degree of crystallinity (X c ) were determined. X c was calculated from the DSC crystallization curves with Equation (1): (1) where !H m is the specific melting heat or heat of fusion, calculated by integrating the area under the crystallization peak, "H°m is the theoretical specific melting heat of 100% crystalline isotactic PP, which is taken as 209 J/g [38] , and w t is the weight fraction of nanotubes.
Dynamic mechanical analysis
Dynamic mechanical properties were measured with a DMA (DMA +150, MetraviB, France) operating in the tensile mode at a frequency of 10 Hz.
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The strain amplitude was 20 µm and the static force was 1 N as per the reported procedure elsewhere [39] . Data were collected from -50°C temperature to 120°C at a scanning rate of 3°C/min. DMA specimens were cut from injection-molded impact bar samples in the form of rectangular bars of nominal dimensions: 4 (±0.2) mm # 10 (±0.5) mm # 30 mm. A minimum of 3 specimens of each composition were tested. Dynamic mechanical analysis (DMA) is generally being used to study relaxation in polymers. An analysis of the storage modulus (E$), loss modulus (E%), and loss factor (tan!) curves is very useful in evaluating the performance of samples under stress and temperature. It is well known that the tan! vs. temperature curve of PP exhibits three relaxations localized in the vicinity of &80°C ("), 10°C (#) and 100°C ($) [40] . In the present work, the study was focused on the #-relaxation of PP that corresponds to the glass-rubber transition of the amorphous portions and the temperature of the maximum tan! peak is assigned to the glass transition temperature (T g ).
Mechanical characterization
Mechanical performance of all compounded materials was evaluated from injection-molded specimens. Tensile properties of the molded dogbone specimens were tested using a tensile machine (Model 1185, Instron, USA) at a crosshead rate of 20 mm/min at 25°C (50% relative humidity) according to the ISO 527 standard. The tensile strength, modulus and elongation at break of the PP and its nanocomposite samples could be directly obtained from the recorded stress-strain curves. Flexural properties of the nanocomposites were determined by three point bending tests as per ISO 178 standard at a thickness to span length ratio of 1:16 at a crosshead rate of 2 mm/min. Notched Charpy impact tests were carried out as per ISO 179-1 standard by using a pendulum impact machine (Model 5101, Zwick, Germany). The Charpy impact tests were performed on single-notched specimens at room temperature. All the reported values were calculated as averages over five specimens for each composition.
3. Result and discussions 3.1. Structural and morphological characterization 3.1.1. Nanotube dispersion Scanning electron miscroscopy (SEM) and transmission electron microscopic (TEM) analysis were conducted on cryofractured nanocomposite samples in order to investigate the nanotube dispersion and interfacial features in nanocomposites. Figure 1a shows typical SEM micrograph of 6 wt.% HNTs filled nanocomposites. The nanotube distribution appears to be uniform across the specimen. Smaller agglomerates remain however, which are smeared out and well penetrated into the PP matrix (marked as 'A' in Figure 1a ). This observation is further supported by TEM micrographs (Figure 2a) , which confirm that melt-compounding grants fairly homogeneous dispersion of the HNTs within the polymer matrix with occasionally micron-sized aggregates scattered within a matrix of neat polypropylene (marked as 'A' in Figure 2a) . Existence of agglomerates indicates insufficient interactions between HNTs and PP matrix. The microstructure of the nanocomposites is substantially changed after incorporation of 6 wt.% functionalized halloysites (PP/QM-HNTs) into PP matrix as shown in Figures 1b and 2b . The aggregates previously observed for the nanocomposites containing non-modified halloysites (Figure 2a) are less or no more present in modified halloysites filled nanocomposites. The improved dispersion of QM-HNT in PP may be explained by the fact that functional groups brought by quaternary ammonium salt present on the surface of halloysites decreases their surface free energy and hinders nanotube/nanotube interaction, thereby breaking up the aggregates during the extrusion process, and further improves the interface between fillers and the PP matrix. Besides, significant differences are also observed when considering the amount of individual nanotubes dispersed in the matrix, which is higher in the case of QM-HNTs. Overall microscopic analysis indicates that halloysite nanotubes are distributed and dispersed quite homogenously throughout the PP matrix with a good adhesion between nanotubes and PP, a slightly better dispersion being however noticed when QM-HNTs were used as filler.
Crystallinity
As the matrix crystallinity may have an influence on mechanical properties of nanocomposites, nonisothermal DSC experiment was also carried out. Figure 3 shows the crystallization curves obtained during cooling of the PP/HNTs (Figure 3a ) and PP/QM-HNTs (Figure 3b ) nanocomposites at different nanotube loadings. Relative degree of crystallinity (X c ) values of the various nanocomposites are reported in Table 1 . The crystallization behaviour of polypropylene is affected by the addition of [41] . The spherulite size may also reduce upon addition of HNTs. Significantly higher crystallinity and lower spherulite size may partly contribute to the enhancement of mechanical properties (increase in modulus and strength) of the nanocomposites (see section 3.4). However, decrease in percentage crystallinity was observed for 8 wt.% halloysite filled nanocomposites. This may be ascribed to the fact that, dispersions of halloysites become poor at relatively higher halloysite content and this hinders the increase of crystallinity in the nanocomposites.
Thermal properties
Crystallization temperature (T c ) and melting temperature (T m ) values of the various nanocomposites are also reported in Table 1 . Compared to neat PP, no significant change is observed in the melting point T m of polypropylene nanocomposites, which is logical as halloysites are mineral fillers. On the contrary, the addition of halloysite nanotubes to the polypropylene matrix induces an increase in crystallization temperature T c by more than 10°C. The crystallization peak appears at 105.7°C for the PP matrix and shifts to higher temperatures as the amount of nanotube increases, confirming that halloysites nanotubes act as nucleating agents. Similar behavior has been reported previously in literature for other polypropylene based nanocomposites (with CNTs or MMT) [42] [43] . There is no clear or significant dependence of T c on halloysite nanotube amount. The crystallization peak also appears to be narrower in the case of all nanocomposites.
Dynamic mechanical properties.
The dynamic mechanical properties of PP and its nanocomposites, with unmodified and modified halloysite nanotubes, are represented in Figures 4 and 5. Figure 4 shows the dynamic storage modulus as a function of temperature for PP and its nanocomposites. The results clearly indicate that, storage modulus (E$) of all nanocomposites (modified and unmodified) is higher than that of neat PP. Storage modulus of PP increases with increasing halloysites content, which is due to the reinforcement effect and restrictions in the chain mobility. This means that the incorporation of halloysites into PP matrix remarkably enhances stiffness and load bearing capability of the material. Furthermore, increase in storage modulus for the nanocomposites bearing modified halloysites i.e. PP/QM-HNTs (Figure 4b ) is much higher than that of nanocomposites bearing as received halloysites i.e. PP/HNTs (Figure 4a ). The rate of increase of storage modulus with increase in QM-HNTs content in the matrix is more pronounced than that of PP/HNTs references. This illustrates the more efficient stiffening/reinforcement effect of QM-HNTs. The increase in the modulus confirms the formation of highly dispersed nanocomposites with improved interfacial interactions between nanotubes and matrix as evidenced by the microscopy analysis. Figure 5 illustrates the effect of halloysite nanotubes on the loss factor (tan!) for PP nanocomposites. The glass transition temperatures T g of prepared nanocomposites, derived from log tan!&T curves (temperature at peak tan!), are slightly higher than that of neat PP in general (except 6 wt.% HNT nanocomposites, which showed a T g value similar to PP) ( Table 2 ). All QM-HNTs filled nanocomposites showed T g values, higher than neat PP and PP/ HNTs nanocomposites ( Table 2) . It is well known that the T g of a polymer depends on the mobility of the chain segment of the macromolecules in the polymer matrix. If the molecular chain is restricted, motion or relaxation of the chain segment becomes difficult at the original glass transition temperature and becomes easy at higher temperature [44] . Therefore, the increase in T g values may be related to the degree of nanotubes homogeneous dispersion in the polymer matrix and the interactions between the filler and polymer, which is consistent with the reported literature on PP/clay [44] .
Mechanical properties 3.4.1. Tensile properties
The effect of both untreated and treated halloysite nanotubes on the tensile properties of PP is depicted in Figure 6 . It is evident that with the incorporation of HNTs, tensile strength (determined as the maximum of the stress-strain curve, i.e. the yield stress) and tensile modulus (Figure 6a ) of PP gradullay increase with increase in nanotube content with a slight reduction (-15 to -25%) in the elongation at break (Figure 6b ), indicating the reinforcing benefits of halloysites within PP matrix. The percentage increase ranges from 19 to 37% for Young's modulus and from 15 to 32.5 % for yield stress, depending on HNT concentration. In case of modified halloysites (QM-HNTs), this increase ranges from 32 to 40% for Young's modulus and from 22 to 35% for yield stress, a plateau being achieved at a nanotubes content of 6 wt.%. The typical tensile stressstrain curves of nanocomposite samples at optimized halloysite content i.e. at 6 wt.% halloysites is shown in Figure 7 .
Overall results indicate that the improvement range of the mechanical properties, compared to neat PP, is larger for PP/QM-HNTs than for PP/HNTs nanocomposites. These results suggest that the utilization of surface modified nanotubes is essential to achieve higher strength and stiffness at very low nanofiller concentrations. Increase in tensile strength and modulus in PP/QM-HNTs nanocomposites without much loss in ductility (i.e. elongation at break) may be explained by better dispersion of the nanotubes within the matrix as well as improved inter-tubular and interfacial interactions between the QM-HNTs and PP matrix. Similar trends have been reported by Pasbakhsh et al. for ethylene propylene diene monomer/modified halloysite nanocomposites [45] .
Bending properties
To further assess the reinforcing efficiency of halloysites, flexural properties of the modified and unmodified halloysite nanotubes filled PP nanocomposites were also investigated ( Figure 8 ). It appears that addition of halloysite nanotubes leads to an improvement in the flexural modulus and strength of PP. As shown in Figure 7 , the maximum percentage increase is about 43% for bending modulus and 16% for bending strength in case of as received halloysites (HNTs), whereas it reaches again slightly higher values, about 49% for bending modulus and 20% for bending strength, in case of modified halloysites. A nanotube content of 6 wt.% appear to be an optimal value as flexural properties tend to reach a plateau above this value (and sometimes even decrease). Decrease in flexural properties at higher loadings (i.e. 8 wt.% QM-HNTs) is due to the fact that overloadings of halloysites leads to agglomeration of nanotubes, such micron-sized aggregates acting as weak points and failure initiation sites. Similar observations have been reported by Liu et al. [46] , for halloysites filled epoxy nanocomposites.
Impact properties
The effect of halloysite loadings on the notched Charpy impact strength of PP/HNTs and PP/QMHNTs nanocomposite is shown in Figure 9 . It can be seen that the impact strength of all nanocomposites irrespective of filler type increases with increase in nanotube content. The maximum increase, reaching 70 , was here again found at 6 wt.% nanotube loadings. Further addition of halloysite nanotubes reduces the impact strength of nanocomposites. The decrease in impact strength at higher halloysite loadings (i.e. at 8 wt.%) is due to the fact that the increase in nanotubes content leads to the formation of aggregates, which acts as a stress concentrator in the sample, which intiates a brittle failure. Increase in impact strength for the PP/HNTs is due to the intrinsic toughening properties of the halloysites [23] . Impact strength of notched PP/QM-HNTs samples showed slightly better resistance than that of PP/HNT samples ( Figure 9 ). This is attributed to the fact that modifier on the surface of halloysites promotes the efficient interfacial shear stress transfer between PP and halloysites. A better interfacial interaction could lead to improvement of impact strength with high absorption energy during impact deformation. Figure 10 illustrates the fractured surface of high energy consumed i.e. 6 wt.% filled PP/HNT and PP/QM-HNTs nanocomposites. Nanotube pullout (marked 'A') and nanotube breakage (marked 'B') may be clearly seen for PP/HNTs nanocomposites ( Figure 10a ). In case of PP/QM-HNT nanocomposites, in addition to nanotube pullout and breakage, nanotube bridging (marked 'C') seems to be another possible toughening factor (Figure 10b) . Also, higher impact energy for PP/QMHNTs nanocomposites is due to the better dispersion and distribution of modified nanotubes in the matrix. In addition, large aspect ratio of nanotubes would cause complex matrix-filler interaction during nanotube bridging, breaking and pullout, which probably promotes the local plastic deformation of matrix [47] .
Comparison of halloysites reinforcement potential with other nanofillers
It is also worth comparing the reinforcement potential of halloysites with other nanofillers, such as carbon nanotubes (e.g. MWNT [9] ) or layered silicates (e.g. MMT clay [48, 49] ) melt-compounded with PP using similar processing conditions. Table 3 shows the percentage variations of mechanical properties of PP nanocomposites containing similar amounts (2 or 4 wt.%) of MWNTs, MMT and QMHNTs compared to neat PP matrix. The order of magnitude of the increase in moduli and strengths observed in tension, bending and notched Charpy impact is globally the same for the three nanofillers. However, whereas the elongation at break decreases drastically by -75% for carbon nanotubes and by about -80% for montmorillonite, it remains almost unaltered for halloysites (property loss less than 20%). It is also worth noting that, compared to montmorillonite, halloysite nanotubes yield a significantly higher increase in impact resistance, the percentage variation being even higher when the nanofiller weight content tends to reach its optimum value. Table 3 thus compares the percentage variations of mechanical properties of PP nanocomposites containing different nanofillers at their optimum loadings, which is 2 wt.% for MWNT/PP, 4 wt.% for MMT/PP, 6 wt.% for QM-HNTs/PP. Halloysites clearly provide the best reinforcement potential compared with carbon nanotubes and montmorillonite. Whereas the same (if not higher) These results may be explained by the fact that carbon nanotubes have a tendency to form agglomerates in the composites. Similarly montmorillonite clay suffers from a lack of formation of an exfoliated clay network structure and a mere dispersion of tactoids in the PP matrix. These tactoids and agglomerates usually act as crack initiation sites leading to sudden failure of the material. Comparatively, halloysite nanotubes are less prone to form agglomerates. Additionally, halloysites are discrete nanofillers with no or little surface charge and therefore, halloysite nanotubes may not require the intercalation and exfoliation process, as required by nanoclay fillers (33) . These results indicate an obvious advantage in using halloysite over clays or carbon nanotubes, as filler for polymer composites.
Conclusions
Natural nanotubes (halloysites) filled polypropylene nanocomposites were successfully prepared by an industrially benign masterbatch dilution technique using high shear extrusion process followed by injection molding.
The influence of addition of both unmodified halloysite nanotubes (HNTs) and quaternary ammonium salt modified halloysite nanotubes (QM-HNTs) on structural and mechanical and properties of polypropylene (PP) nanocomposites was investigated for different halloysites weight contents. Differential scanning calorimetry showed that both degree of crystallinity and crystallization temperature increase upon addition of halloysites into PP, thus indicating a potential nucleation effect induced by the nanotubes. Scanning and transmission electron microscopy highlighted an homogeneous distribution and dispersion of nanotubes throughout the PP matrix, with a slightly better dispersion in the case of QM-HNTs compared to HNTs. Dynamic mechanical analysis evidenced a slight increase in glass transition temperature as well as an improvement in storage modulus with the incorporation of halloysites, more important for QM-HNTs than for HNTs. Mechanical tests demonstrated that strength and modulus of the nanocomposites significantly increase with addition of halloysites without significant loss of ductility. A halloysite content of 6 wt.% appears to be optimum as mechanical properties in tension, bending and impact tend to reach a plateau or even to decrease above this value. Quarternary ammonium salt modified halloysites (QM-HNTs) lead to globally better performances, which has been ascribed to the synergistic effects of surface modified nanotubes and well dispersed nanotubes on a nano-scale in the PP matrix, and in a lesser extent to the increase in the crystallinity. 
